Spectrally resolved surface plasmon resonance dispersion using half-ball optics In this work, a variant of a Kretschmann-type surface plasmon resonance (SPR) sensor is introduced. k-space imaging is combined with half-ball glass optics to facilitate the measurement of SPRs across the visible spectral range. In contrast to current state-of-the-art techniques, which are widely utilized in commercially available systems, the presented method allows single-shotacquisition of the full angular reflection without any moving parts, as well as mapping of the surface plasmon dispersion by scanning across the entire visible wavelength range. Measurements on various thin metallic films demonstrate the sensitivity of the system towards minute changes of the metal surface and its close vicinity. The fast and precise measurement of surface plasmon resonances paves the way for improved detection in applications such as immunoassays or gas-sensors, especially for real-time in situ measurements. Published by AIP Publishing. https://doi.org/10.1063/1.4999636
Surface plasmon polaritons (SPPs) are surface electromagnetic waves that propagate in a direction parallel to a metal/dielectric interface. These charge density oscillations are confined to an interface between a metal with e M < 0 and a dielectric with e D > 0. 1, 2 At such a boundary, SPPs are very sensitive to small changes in e D , making them ideal to probe surface chemistries, such as the adsorption of molecules at metal surfaces or the specific binding of biological agents. 3 The resulting changes in the plasmon resonance give rise to variations in the optical excitation of SPPs, which are typically detected by monitoring the angular reflectance spectrum of light exciting the plasmonic resonances. Surface plasmon resonance (SPR) spectroscopy has been a popular technique in chemical and biological sensing applications for many years due to its high sensitivity and the possibility of in situ and label-free measurements. [4] [5] [6] [7] [8] [9] The excitation of SPPs with light requires the matching of frequency and momentum of photons to the SPP. 4 This is only possible on a planar surface if photons enter from an excitation medium of e E > e D . Experimentally, this is best realised by sandwiching a thin film of a plasmonic metal (commonly silver or gold) between two dielectric materials of e D and e E , exciting SPPs from the former and detecting them in the latter (see Fig. S1 , supplementary material). The excitation of surface plasmons requires electric field oscillations in the plane of the surface, i.e., p-(or TM-) polarized light. 3 If the metal film is thicker than the skin-depth (i.e., >30 nm), SPPs obey the dispersion relation
Here, e D and e M are the relative permittivities of the dielectric at the free surface and the metal film, respectively, and c is the speed of light in vacuum. 4 Since the dielectric constant of the metal is negative in the probed frequency range, changes in e D have a large impact on the dispersion relation, which implies that even trace amounts of adsorbed material cause measurable shifts in the resonance condition. Excitation photons can only couple to the surface plasmon modes when the projections of their wave vectors onto the surface of the metal film match those of the plasmon resonance. Since the in-plane wave vector is conserved, the angular dispersion is
with the angle of incidence a (see Fig. S1 , supplementary material). This implies that for a given excitation frequency, the resonance condition is fulfilled for a well-defined angle of incidence, which depends on the relation of the dielectric constants
The non-linearity of the sine function enables a high measurement accuracy, particularly at large (grazing) angles of incidence (large a).
Two configurations are commonly employed to excite SPRs by light. In the Otto configuration, 10 light is coupled into a glass block, typically a prism, and is totally internally reflected on one of the surfaces under a large angle of incidence, giving rise to an evanescent wave at this glass surface. The probed substrate, often a thin film of metal, is then positioned very close to this surface, but not in direct contact with it, so that the evanescent wave interacts with the electrons in the metal to excite SPPs. In the related Kretschmann Published by AIP Publishing. 111, 201102-1 configuration, 2 the thin metal film is deposited directly onto the prism. Because of its superior robustness, it is the most commonly used experimental technique. 11 In a typical measurement, the presence of a dielectric material is detected near the surface of a plasmonic metal film on a prism by varying the incidence angle of a laser light beam reflected from the backside of the film while measuring the specularly reflected light flux. To quantify specific interactions, the surface of the sensor film can be functionalized with a molecule that specifically binds to an analyte of interest. 4, 12 Common sensor metals are gold and silver, but copper, titanium, and chromium have also been used. 5, 13, 14 The most adopted method works with a laser/prism configuration and samples the SPRs at a single wavelength by scanning the angular range of interest. The resulting mechanical angular adjustments often impose a trade-off between angular resolution and measurement timescale. Real-time experiments often operate in a fixed-angle mode and extrapolate the resonance angle from the reflected intensity at a slightly lower angle. 15, 16 More importantly, the use of a laser does not allow dispersion measurements, for which a range of wavelengths are required (see however Ref. 17) . Dispersion measurements are however particularly interesting for the detection of substances that are not purely dielectric, such as inorganic nanoparticles or fluorescent materials.
Here, we present a SPR measurement method that simultaneously works over a wide spectral range and does not require the angular adjustment of any light beam. It makes use of a standard optical microscope with only minor modifications. The key element is a half-ball glass lens, which replaces the conventional prism (Fig. 1) . The metal film is deposited onto a microscope cover slip, which is attached to the flat surface of the half-ball-lens. Using a conventional reflection microscope, light is focussed onto the metal film at the focal point of the sphere. The confocal beam thus enters the glass at normal incidence across the confocal illumination cone, inhibiting refraction and polarization changes at the sphere surface. The same condition holds for the reflected light, which can be detected across the entire numerical aperture of the objective. A light-cone entering the objective from the focal point appears as a circle in the backfocal plane.
The radius of the reflected circle in the backfocal plane correlates with the numerical aperture c of the cone and the focal length f of the objective via r ¼ tan c 2 À Á Á f . A Bertrand lens is used to image the far-field scattering pattern of focal point light, by imaging the backfocal plane (k-space imaging or conoscopic imaging [18] [19] [20] [21] ). The detected intensity at any radius r from the optical axis is proportional to the reflectivity of light with an incident angle of a ¼ arctanðr=f Þ. The intensity at the backfocal plane thus measures the reflectance for all angles of incidence within the numerical aperture of the objective.
A major advantage of this set-up is its wavelengthindependent geometry. With a tunable light source or an appropriate filter set-up, a wide spectral range can be rapidly measured and the wavelength-dependent dispersion of the surface plasmon resonances can be mapped. Furthermore, a standard optical microscope equipped with a Bertrand lens can be used while the absence of moving components makes it robust and precise. We note that high-NA immersion objectives could also be used to excite SPPs in a quite similar fashion. 22, 23 Although the direct deposition of the plasmonic film onto the hemispherical planar part of the half-ball lens would be geometrically ideal, it is experimentally practical to employ a thin glass cover slip instead (Fig. 1) . This set-up has several advantages as the externally fixed cover slip supports the halfball-lens in the correct geometry, removing the requirement for a separate alignment mechanism. Furthermore, the use of cover slips significantly simplifies sample preparation and repeated measurements. A refractive index-matching liquid (n r ¼ 1.52) is deployed between the half-ball lens and the cover slide to prevent interference and interfacial scattering of light (Fig. 1) . Note that the normal incidence condition described above is slightly modified, since the metal layer is no longer precisely in the focal plane of the glass hemisphere. Cover-slip thicknesses that are very small compared to the lens radius, as the one employed here, cause only small angular deviations in the backfocal plane, which can be taken into account in the data analysis (see supplementary material). The set-up is used to image the k-space of the light reflected by the sample using a long-working-distance 50Â objective. Usually, K€ ohler illumination images the lamp filament in the backfocal plane, causing strong inhomogeneities in the kspace images. This can be avoided by inserting a diffuser into the illumination path or by using a diffuse broadband LED light source (see Materials and Methods in the supplementary material).
An example of a surface plasmon resonance in a 40 nm thick Au layer is shown in Fig. 2(a) . The film was illuminated with unpolarized white light and the radius of the recorded circle corresponds to the maximum angle of incidence of 53.1 , which is determined by the numerical aperture of the objective (NA ¼ 0.8). The refraction caused by the finite thickness of the cover slip however slightly compresses the k-space image, increasing the cut-off angle to 56 for a 200 lm thick cover slip (see supplementary material, Fig. S4 ). The unfiltered white light image shows an isotropic ring of increased whitish reflectance close to the critical angle of the BK7 glass of a % 41.1 (Fig. S7 , supplementary material). Below the critical angle, light refracts and interacts with the metal layer according to Snell's law. In the total internal reflection (TIR) region, the whitish-colored ring is surrounded by colored rings formed from an adjacent thin blue ring followed by a broader red ring, indicating the presence of a strong wavelength-dependent resonance [ Fig. 2(a) ].
To gain quantitative insight into the wavelengthdependent reflection, polarized white light was used and a high-speed liquid-crystal-based tunable color filter was inserted into the optical path. Monochromatic images (spectral half-width %7 nm) were taken across the visible spectrum (420-680 nm). The reflectance images of the 40 nm thick gold layer in Figs Fig. 2(a) .
With this SPR imaging set-up, SPR sensors consisting of different metal layers (Au, Ag, and Cu) were examined (Fig. 3) . Each measurement takes %15 s for a series of monochromatic images covering the entire visible spectrum (420-680 nm) in 5 nm steps. Radial intensity profiles were extracted from the k-space images and converted to angular reflectance spectra. The conversion is based on a calibration with a known reflection grating and takes into account the finite thickness of the glass cover slips as well as the chromatic aberrations of the glass optics (see supplementary material). In principle, this method allows the mapping of SPP states close to the focus of the half-ball sphere (not shown).
The resulting spectra were compared with analytical calculations and a finite-difference time-domain (FDTD) simulation (see Materials and Methods, Refs. 24 and 25). Both methods, which calculate the angle-dependent reflectance of a Kretschmann-type SPR sensor with a fixed metal layer for p-polarized light, give very similar results (see Fig. S8 , supplementary material) and show excellent agreement with the experimental data (Fig. 3) . For the 40 nm thick silver layer [ Fig. 3(b) ], the reflectance minimum is observed at all wavelengths, shifting towards smaller angles and smaller widths when the wavelength of the incident light increases. These results agree with two well-known SPR properties that (i) silver is the most sensitive SPR sensor metal and that (ii) longwavelength measurements provide the highest resolution, because of the narrow plasmon excitation bandwidth.
It is well known that the metal film thickness is a crucial parameter for the SPR sensor sensitivity. Figure S6 (supplementary material) shows experimental and FDTD spectra of gold layers ranging from 30 to 50 nm, again showing good agreement.
SPR sensors are mainly employed to monitor minute changes in the close vicinity of a metal sensor surface. To probe the ability of our presented set-up to detect small amounts of material, a 2 nm thick layer of Ag was evaporated onto the 40 nm thick Au SPR sensor. Figure 4 shows the experimental and FDTD monochromatic (600 nm) angular scans for a 40 nm thick Au sensor, uncoated and coated with 2 nm of Ag. The full reflectance plots, similar to those of Fig. 3 , are shown in Fig. S5 (supplementary material) . The presence of the thin Ag layer is immediately evident, as (i) the resonance shifts towards shorter wavelengths, (ii) the resonance becomes narrower, and (iii) it varies in intensity. Again, theoretical and experimental data are in very good agreement. The smaller amplitude seen in the experimental data is probably caused by local roughness of the metal films and by the limited resolution of the acquisition camera. Despite these limitations, the presence of only 2 nm thick Ag layers can be easily detected.
In conclusion, a single-shot SPR method is introduced, which facilitates the rapid characterization of surface layers by exciting surface plasmon resonances over wide angular and spectral ranges. It has the potential to significantly outperform state-of-the-art techniques in two key areas: (i) monochromatic angular reflectance spectra can be recorded without moving parts in single-shot measurements, decreasing the measurement time by orders of magnitude without compromising precision; (ii) the technique is not limited to monochromatic measurements, and a wide range of frequencies can be scanned in an automated way. This adds an extra dimension to the acquired data, which could, for example, facilitate the discrimination between various analytes with similar dielectric constants but different dispersion behaviours and allow full 3D reconstructions of the plasmon dispersion.
Our SPR implementation makes use of standard off-theshelf equipment, which makes the technique very accessible. Its performance could however be further enhanced by using specialized components, e.g., to reach larger scattering angles required for water-based immunoassays used to study biomolecule interactions, which cannot be reached in the current configuration. The angular resolution of our setup depends on the pixel density of the detector in the angular range of interest. A half-ball lens with a higher refractive FIG. 3 . Surface plasmon resonance dispersion in thin metal layers. Experimentally (left) and theoretically (right) determined surface plasmon dispersion in 40 nm thick layers of (a) gold, (b) silver, and (c) copper. The cross-over in shading at the critical angle at %41 corresponds to the crossover into the TIR region.
index (e.g., SF6 with n r ¼ 1.77) shifts this range to lower angles where compression is less significant, while a higher-NA objective increases the range of scattering angles that can be measured. Combined with a high pixel-density CCD, this will lead to a much higher angular resolution. A highspeed camera will allow live-tracking of dynamic processes. A high power light source improves the signal to noise ratio and in combination with a better monochromator increases the spectral resolution of the technique. 
